Introduction
The human plantar fat pad is a complex structure of connective and adipose tissues situated on the lateral and lower side of the foot. Its ability to attenuate ground impact, to redistribute plantar pressures and to protect internal structures is due to its peculiar organization [16] . The plantar fat pad is characterized by a honeycomb configuration in which fibrous septa envelope adipose compartments [1, 2] . Fibrous septa are mainly composed by collagen and elastin fibers and provide a constraint to the deformation of adipose chambers [18] . The fibrous septa originate from the plantar aponeurosis or the calcaneus and extend toward the dermis, assuming a U or comma shape inside which the fibers are wound in spirals around the adipose chambers [19, 33] . The intact conformation of both fibrous and adipose tissues is a basic requirement for the proper functionality of the plantar fat pad [16] . When degenerative phenomena, such as aging, pathology or trauma, occur, adipose chambers get smaller, fibrous septa get thicker, fibrous components become disorganized because of breaking of collagen bundles and fragmentation of elastin strands [2, 16] . Such histo-morphological alterations induce significant modification of the tissue mechanical properties, such as stiffening, lower strain threshold for injury, lower damping capabilities, and the plantar fat pad becomes unable to correctly perform its structural functionality [27-29, 31, 35] .
The aim of this work is to investigate the relationship between histo-morphological configuration and mechanical behavior of the human plantar fat pad tissue by a Abstract The plantar fat pad of the human foot is a specific tissue made up of adipose chambers enveloped by fibrous septa. Aging, pathology or trauma may affect its histo-morphological configuration and mechanical response. The correlation between histo-morphological configuration and mechanical properties is analyzed by a computational approach, aiming to identify the influence of degenerative phenomena on plantar fat pad mechanics. Finite element meso-models, as numerical model of an intermediate-length scale, are developed for healthy and degenerative conditions, considering the different properties that degenerative phenomena may affect, such as the adipose chambers dimension, the fibrous septa thickness, the fibers orientation and the sub-components mechanical behavior. Histo-morphometric data are analyzed to identify average configurations of the fat chambers and fibrous septa, while specific constitutive formulations are provided to define their mechanical response. Numerical analyses are performed to identify the stress-strain behavior of the plantar fat pad considering healthy and degenerative configurations. The results from meso-models are applied to identify the parameters of a phenomenological constitutive formulation that interprets the overall human fat pad tissue mechanics. The constitutive formulation is implemented within a 3D finite element model of the heel region that is applied to evaluate the influence of degenerative phenomena on the overall mechanical functionality of the foot. computational approach. Numerical models are developed, accounting for results from different experimental activities, with regard to both histological and mechanical investigations, and aiming at the identification of the tissue mechanics depending on degenerative phenomena. The achieved results just evaluate a possible effect of degenerative phenomena on the fat pad sub-component mechanics. Different degenerative phenomena may affect the fat pad tissues, and specific experimental investigations must be developed at the purpose. The here-proposed action is just addressed to provide information about the influence of degenerative phenomena on fat pad tissues mechanics and a methodology of investigation.
3D numerical meso-models are adopted to study the mechanical response of the tissue with an intermediatelength scale. The meso-models of the plantar fat pad system are developed considering the tissue actual configuration, as a structure composed of adipose chambers enveloped by fibrous septa [25] . The specific structural configurations of the tissue are defined, accounting for the measurements by Wang et al. [35] , who provided average data about the geometrical conformation of human fibrous septa and adipose chambers for both healthy and degenerative situations. Two meso-models are developed considering different chamber dimensions and septa thickness, for healthy and degenerative configurations. Accounting for further histological observations [1, 2, 17, 19] , specific adipose chambers shape and distribution are assumed. The mechanical behavior of sub-components, such as the adipose and the fibrous tissues, is specified by hyperelastic constitutive formulations. According to the microstructural conformation, an isotropic formulation is assumed for adipose tissue. Fibers of healthy fibrous septa are distributed along specific directions, and an anisotropic formulation is provided. On the other hand, degenerative phenomena usually produce a randomization of the fibers configuration and consequently, an isotropic formulation should be applied. The constitutive formulations developed are able to interpret the mechanical response of the healthy configuration and the influence of degenerative phenomena on the adipose chambers and fibrous septa mechanics. The identification of constitutive parameters must be performed by the analysis of data from mechanical tests. Once the constitutive parameters of sub-components are identified, the numerical meso-models are applied to analyze the mechanical behavior of both healthy and degenerative fat pad tissues. The reliability of the developed numerical models is assessed by comparing numerical results with experimental data from tests developed by Pai and Ledoux [27] [28] [29] on tissue samples from both healthy and degenerative human fat pads.
To evaluate the mechanical response of the human plantar fat pad in healthy and degenerative conditions, a 3D finite element macro-model of the heel pad region is provided. The macro-model includes the plantar fat pad, the calcaneus, the skin and the other soft tissues. A further phenomenological constitutive model is developed to interpret the overall mechanical behavior of the fat pad tissue. The model parameters are identified considering the results from the previously described numerical analyses on both healthy and degenerative meso-models. In order to interpret the actual mechanical behavior of the tissue, time-dependent phenomena must be accounted for. Viscous parameters are consequently identified, accounting for results from previous activities by the authors [7] . Indentation tests of the heel region are numerically simulated to investigate the influence of degenerative phenomena on the structural response of the system.
Materials and methods

Constitutive model for adipose tissue
To the authors' knowledge, no experimental activities on the human fat pad sub-components have been reported in the literature. In order to provide an admissible investigation of the fat pad sub-components mechanics, the constitutive identification is performed accounting for data from mechanical tests performed on tissues whose conformations are similar to human fat pad sub-components. The mechanical behavior of healthy and degenerative adipose tissue is defined by the analysis of data from compression tests developed by Comley and Fleck [3] and Geerlings et al. [10] , respectively. In detail, Comley and Fleck [3] developed unconfined compression tests on adipose tissue specimens from healthy pigs. Geerlings et al. [10] investigated the mechanical behavior of porcine adipose tissue affected by pressure ulcers by compression tests. With regard to both healthy and degenerative conditions, the experimental results show the nonlinear response of the tissue, suggesting the assumption of hyperelastic formulation. Accounting for the microstructural conformation of adipose tissue, which is composed by packed fat globules, an almost incompressible isotropic hyperelastic strain energy function is assumed [25] . The hyperelastic strain energy W is split into volumetric U and iso-volumetric W terms:
where C is the right Cauchy-Green strain tensor, J is the deformation Jacobian, as J = √ det(C), and Ĩ 1 is the first iso-volumetric invariant of the right Cauchy-Green strain tensor, as Ĩ 1 = tr(J −2 / 3 C). Specific polynomial and exponential functions are assumed to properly interpret the almost incompressible and nonlinear behavior of the tissue:
Constitutive parameters K v and C 1 are related to the initial volumetric and shear stiffness, respectively. Parameters r and α characterize the evolution of material stiffness with strain because of the nonlinearity of the mechanical response [25] . The constitutive parameters (Tables 2, 3) are identified by the inverse analysis of the previously reported experimental situations according to an optimization procedure that was fully described by Natali et al. [21] .
Constitutive model for connective tissue
With regard to healthy fat pad tissue, the mechanical characterization of fibrous septa must be developed, accounting for their fiber-reinforced composite configuration. The following hyperelastic formulation is assumed [25] :
where W m and W i f specify the isotropic ground matrix contribution and the mechanical response of the ith fibers family, respectively. I i 4 is a structural invariant related to tissue stretch λ i along the fibers direction a i 0 , as
Because of the predominant role of the fibers, a neo-Hookean formulation is assumed to interpret the mechanical response of the ground matrix:
where K v can be related to the volumetric stiffness, while C 1 is associated with the tissues shear stiffness. Fibers mechanical contribution can be described considering their structural organization [26] . In the unstrained configuration, fibers are characterized by a wavy conformation. When tensile load is applied, fibers first uncrimp and then get stretched. This mechanism determines a strong nonlinear mechanical response that can be described by an exponential formulation:
where C 4 is a constant that defines the fiber's initial stiffness, as E f = 4C 4 , while α 4 depends on the initial wavy conformation of fibers. The orientation and direction of the fibers families in the fibrous septa are assumed in agreement with the results reported in [25] . In detail, two collagen fibers families are spirally wound around the adipose chambers, running in clockwise and anticlockwise directions according to an angle of about 30 degrees. With regard to a healthy conformation, the identification of constitutive parameters (Table 2) 
is performed, accounting for results from tensile tests that were performed on anterior talofibular human ligament tissues [9] , because of the similar structural conformation [25] . In order to evaluate the effect of degenerative phenomena on the mechanical behavior of fibrous septa, results from Liao et al. [20] are considered. Liao et al. [20] analyzed the effects of non-enzymatic glycation on collagen structures mechanics. Such processes usually develop because of degenerative phenomena, such as aging or diabetes. Results from uniaxial tensile tests on collagen structures before and after non-enzymatic glycation showed a 30 % increase in the tissue stiffness. Furthermore, the reported glycation processes determined fragmentation and continuity loss of fibers and fibrils within the collagen structures. The consequent configuration of the collagen structures does not display distribution of the sub-components along any specific direction, and isotropic behavior can be assumed. The mechanical behavior of degenerated septa is consequently characterized by the previously reported hyperelastic isotropic model (Eq. 1), while parameters (Table 3) are identified by the analysis of data from Liao et al. [20] .
Definition of the numerical meso-models of healthy and degraded plantar fat pad
Three-dimensional numerical meso-models of plantar fat pad tissue are developed on the basis of previous activities [25] and histological measurements by Wang et al. [35] , which were carried out on samples taken from healthy and pathological cadaveric human feet. Measurements were taken on different histological sections and provided the thickness of the fibrous septa and the area fractions of septa and adipose chambers. Such data allow to compute the average size of the different tissue sub-components (Fig. 1a, b) . The assumed values for the development of healthy and degenerative meso-model of the fat pad are reported in Table 1 . In detail, accounting for the general conformation of the tissue and the average data at disposal, adipose chambers are modeled as ellipsoids and hexagonal distribution is assumed. Accounting for previous data and result [1, 2, 17, 19] , this configuration well interpret the actual histo-morphological conformation of the tissue. The model is composed of different layers, which are shifted by each other according to the hexagonal scheme (Fig. 1c) . The numerical model is obtained by finite element discretization of the virtual solid model. The discretization is performed using four-node tetrahedral elements.
The reliability of numerical results from meso-models is assessed in comparison with human experimental data reported by Pai and Ledoux [27] . Consequently, the dimension of the meso-model is defined accounting for the geometry of the experimental specimens that were harvested by Pai and Ledoux [27] . They developed in vitro compression tests on cylindrical specimens, which were obtained from four healthy and four degraded human cadaveric feet. The tissue was cut into cylindrical specimens of 19 mm diameter, and the skin was removed. This geometry was adequately small, and an almost homogeneous distribution of sub-components shape and size can be actually assumed. Specimens were harvested from different regions of the foot sole, and average data were computed from the mechanical tests performed. Compression tests were developed according to different strain rates, such as 10.8, 1.057, 0.108, 0.012 and 0.0056 s . With regard to each experimental test, the authors reported the peak stress, as the stress at 50 % strain, and a stiffness modulus, as the slope of the stress-strain curve within the quasi-linear region. With regard to the high strain rate tests, as 10.8 s
, the assumed strain rate minimizes the influence of viscous phenomena and the results well approximate the instantaneous behavior of the tissue. Such results are analyzed for the reliability assessment of the numerical mesomodels, where the mechanical behavior of tissue sub-components is specified by hyperelastic formulations.
Numerical analyses are performed using the generalpurpose finite element code Abaqus 6.8 (Dassault Systèmes Simulia Corp., Providence, RI, USA) and accounting for the boundary conditions of experimental tests. The numerical model is laterally unconstrained and squeezed between two steel platens. The bottom platen is fully fixed, while the top platen moves downward up to about 50 % deformation.
The friction coefficient at the contact interface of specimen and platens is 0.1 [36] .
Numerical macro-model of the heel region
A numerical macro-model of the heel region is provided to describe the overall behavior of the plantar fat pad. The macro-model is obtained from CT images of human cadaveric foot (Fig. 2) [22] . The model is developed by finite element discretization of virtual solid model of plantar fat pad, skin, soft tissues (composed of muscles, plantar fascia and ligaments) and calcaneus. The mechanical behavior of the calcaneus is defined by an orthotropic linear elastic formulation [23] , while the soft tissues are described by a hyperelastic model [13] . The anisotropic, almost incompressible and nonlinear mechanical behavior of the skin is defined by a fiber-reinforced hyperelastic model [7, 8] . The constitutive models and the constitutive parameters presented recall the experience gained in the analysis of hard and soft tissue mechanics in the following works [7, 22] . A phenomenological visco-hyperelastic constitutive model is applied to interpret the actual mechanical response of the fat pad tissues [7, 24] . Different sets of parameters are identified to specify the behavior of healthy and degenerative conditions. In detail, Maximum diameter of adipose chambers (μm) 900 600
Fig. 2 Phenomenological numerical model of heel region
hyperelastic parameters (Table 5 ) are evaluated considering the stress-strain curves obtained by numerical analyses carried out with the numerical meso-models. The identification is performed by the stochastic-deterministic minimization procedure previously recalled [21] . Viscous constitutive parameters are assumed according to Fontanella et al. [7] for both healthy and degenerative human conditions, because degenerative processes do not significantly affect viscous phenomena [28] . Specific numerical analyses are developed to evaluate the influence of degenerative phenomena on the overall mechanical behavior of the heel pad. Usually, the in vivo or in situ mechanical response of the heel pad is experimentally investigated by indentation tests. The indentation process can be performed by cylindrical or planar indenters [4, 32] . The latter conformation is more suitable to interpret the tissues behavior during the actual foot activities, and numerical analyses are performed according to such configuration. The numerical model of the indenting platform is developed, and boundary conditions are provided to fully fix the calcaneus and to move the platform toward the skin with a rate of 40 mm/s (Fig. 2) . The skin-indenter interface is modeled using a contact strategy with a friction coefficient of 0.42 according to references in the literature [5, 37] .
Results
The correlation between fat pad tissue structural conformation and mechanical behavior is investigated by numerical meso-models, which account for the actual distribution of sub-components, such as the adipose chambers and the fibrous septa. Two conformations are provided considering the healthy configuration and the influence of degenerative phenomena on the histological configuration. The mechanical response of the sub-components is defined by specific constitutive formulations whose parameters are identified by the inverse analysis of data from mechanical tests. Different sets of parameters are evaluated for healthy and degenerative situations, as reported in Tables 2 and 3 , respectively. The numerical meso-models are exploited to investigate the compressive stress-strain behavior of the fat pad, as reported in Fig. 3 . Finite element analyses allow to investigate the stress distribution within the different sub-components. The maximum and minimum principal stresses contours are reported in Fig. 4 . Results from healthy and degraded conditions are compared with experimental data by Pai and Ledoux [27] . In detail, the post-processing of model results allows to evaluate model values of the peak stress and the stiffness modulus, which are reported together with experimental data in Table 4 . Further numerical investigations are performed to evaluate the influence of degenerative phenomena, considering a finite element macro-model of the overall heel region. The mechanical behavior of the fat pad tissue is specified by a phenomenological visco-hyperelastic model, whose parameters are identified according to the results from the analyses performed with the meso-models. These parameters are reported in Table 5 , showing an increase in values at the degenerative condition. Figure 5 provides results from the numerical investigation of the heel indentation by the platform. In detail, Fig. 5a reports the displacement magnitude distribution when a 5-mm indentation process is performed, while Fig. 5b , c provides the corresponding distribution of the compressive stress for healthy and degenerative conditions, respectively. The contours are reported over a transverse section of the heel pad. Fig. 3 Comparison of the compressive stress-strain behavior of healthy (black line) and degraded (gray line) plantar fat pad. Data are achieved by post-processing the results from the numerical analyses developed by the meso-models 1 3
Discussion and conclusion
The aim of the study is to investigate the relationship between the structural configuration and the mechanical functionality of the human plantar fat pad, in consideration of the occurrence of degenerative phenomena. The correlation between histo-morphological configuration and mechanical properties is analyzed by a computational approach, using preliminary numerical meso-models and consequently phenomenological model. The first action pertains to the evaluation of histological changes that may develop because of aging, pathology or trauma. In detail, these alterations determine size reduction in adipose chambers, septa thickness increase, fragmentation of collagen bundles and elastic strands, leading to randomization of fibers distribution and orientation. Such variations of the tissue structural conformation entail a modification of mechanical properties, as reported by previous experimental investigations [27, 29] . In general, the main limitation of the experimental approach pertains to the difficulty to provide a systematic and controlled analysis of the mechanical effects due to tissue structural changes.
On the other hand, the investigation can be performed by computational methods. Numerical meso-models can be developed accounting for alterations of both geometrical conformation and mechanical properties of tissue sub-components. The here-proposed activities show that such resource and different meso-models are developed accounting for both healthy and degenerative conditions. The comparison of model results and data from experimental investigations shows the reliability of the developed models, which are able to interpret the correlation between the tissue histological configuration and the mechanical properties. In detail, as reported in Fig. 3 , the models well interpret the increase in stiffness because of degenerative phenomena, as observed in previous experimental activities [27] [28] [29] and pointed out in Table 4 . Furthermore, the results from numerical investigations highlight the importance of the different mechanical contributions provided by fibrous septa and adipose chambers on the overall mechanical behavior of the tissue. Stress contours are reported in Fig. 4 to show the mechanical contribution of the different sub-components when compressive action is applied to the tissue. Results are reported for both healthy and degenerative conditions. Compressive stresses mainly develop within the adipose chambers. On the other hand, tensile stresses are mainly distributed within connective septa that envelop the adipose chambers and oppose bulging of the chambers themselves. Furthermore, the loss of continuity of the fibrous components and specific properties of degenerative septa entail the increase in stress values. The achieved results, as the tissue stiffening because of degenerative phenomena, are confirmed by further experimental data from different authors. For example, with regard to aging, the heel pad compressibility index (HPCI), which provides a measure of the tissue stiffness, is about 0.52 and 0.58 for young and elderly subjects, respectively [11, 14] . In the case of pathology as diabetes, HPCI is about 10 % higher than healthy people [15, 34] , while in the case of heel trauma, it may be about 7 % higher [30, 34] . The situation is further confirmed by the computational activities developed by Gefen [11, 12] and Fernandez et al. [6] .
The experimental evaluation of the influence of degenerative phenomena on tissue behavior requires a really extensive and difficult activity. Tissue samples from the same anatomical structure should be harvested from different subjects. The subjects should have similar anthropometric conformation and clinical history. Furthermore, different groups of subjects should show different progress of the same degenerative condition to identify the evolution of tissue mechanical properties with degenerative conditions. Established the complexity of the experimental approach to the investigation, computational activities can provide a more reliable and swift tool. Actually, the here-proposed activities aim to address such methodology.
The developed numerical meso-models are further applied to provide the stress-strain data that are required for the parameters identification of phenomenological constitutive formulations, still accounting for the influence of degenerative phenomena. The results from the constitutive analysis of tissue behavior in healthy and degenerative conditions may explain the relationship between phenomenological results from mechanical tests and microstructural modifications. Model parameters reported in Table 5 show an increase in parameters' values at the degenerative condition. The principal variations pertain to the initial bulk modulus K v and the nonlinearity term α 1 . The initial bulk modulus describes the tissue stiffness in the unstrained configuration. Indeed, microstructural modifications because of degenerative phenomena lead to a stiffer structural conformation, as smaller cells bounded by thicker walls. The nonlinearity parameter α 1 is mainly related to collagen fibers contribution and stiffening phenomena because of fibrils uncrimping with stretch. The increase in such parameter explains the increase in collagen content because of septa thickening.
Phenomenological formulations allow to describe the overall mechanical behavior of plantar fat pad tissue and are mandatory to investigate the overall structural response of the heel region. Finite element macro-models of the heel structures are provided and applied to investigate the typical mechanical functionality. Figure 5 reports the results from such analyses, with regard to the stress distribution when a typical heel indentation is performed. The stress field in the degenerative configuration is larger than the healthy heel pad, suggesting the distortion of heel functionality.
The here-proposed approach, as the development of numerical meso-and macro-models, aims to address a strategy for the investigation of the relationship between tissue histological configuration and mechanics also considering the influence of degenerative phenomena on the plantar fat pad functionality. The main limitation of numerical activities pertains to the availability of data about the microstructural conformation and mechanical properties of tissue subcomponents and the influence of degenerative phenomena on such parameters. With regard to the conformation of sub-components, only average data about adipose chambers dimension and fibrous septa thickness are reported in the literature. Subsequently, the proposed numerical meso-models are developed, accounting for simplified and homogeneous geometrical conformation and properties. A more complex conformation of the sub-components actually characterizes the fat pad tissue and both the sub-components shape and dimension change with the location. Furthermore, constitutive parameters of tissue sub-components are identified from mechanical tests performed on tissue samples from biological structures different from the plantar fat pad. Despite the reported limitations, the reliability of the developed models is assessed by comparing numerical results with experimental data from tests actually developed on heel tissues.
